To test the hypothesis that periodic signals and chemotaxis direct later morphogenesis in Dictyostelium discoideum, we investigated cell behavior and cell movement in slugs. Trails of neutral red-stained prestalk and anterior-like cells were recorded by high-resolution digital image processing. Neutral red-stained anterior-like cells in the prespore zone of slugs move straight forward in the direction of slug migration and, furthermore, show coherent periodic cell movement. In contrast, cells in the prestalk zone move along completely different trajectories. Prestalk cells move perpendicular to the direction of slug migration; that is, they rotate around the tip. The cell movement data show that the chemotactic signal in the slug propagates as a three-dimensional scroll wave in the prestalk zone and as a planar wave in the prespore zone. The different behavior of prestalk and prespore cells is most likely caused by a difference in the oscillatory properties of the two cell types. We provide evidence that the slug stage of Dictyostelium behaves like an excitable system and that a (twisted) scroll wave organizes slug formation and migration.
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The cellular slime mold Dictyostelium discoideum is well suited to the study of cellular communication and the role of biological oscillations in spatiotemporal pattern formation. During the life cycle, solitary amoebae collect to form a multicellular organism. This aggregation process is well characterized and occurs by chemotaxis to periodic cAMP signals initiated by the aggregation center (1) . The cAMP pulses, generated and secreted by cells in the aggregation center, are detected and amplified by the monolayer of surrounding cells. This leads to the outward propagation of cAMP waves. The signal propagates as expanding concentric rings or, more often, as spirals (2) . These waves direct the cells toward the aggregation center via chemotaxis toward increasing cAMP concentrations. Signal propagation can be detected by direct autoradiographic determination of the spatial variation in cAMP concentration (3) or as an optical density wave caused by periodic cell shape changes associated with chemotactic cell movement (4, 5) . After 20-30 waves, cells collect in bifurcating aggregation streams, in which optical density waves are no longer visible. Therefore little is known about signal propagation during multicellular development.
Up to 105 cells collect into a compact aggregate (mound),
where they begin to differentiate into three major cell types, prestalk, prespore, and anterior-like cells. The cells differentiate in random positions and then undergo chemotactic cell sorting (6, 7) . The prestalk cells collect on top of the mound and form a distinct morphological structure (the tip).
As soon as a tip is formed, the mound elongates and forms the slug, which then falls over and starts to migrate. The foremost 20% of the slug including the tip consists of prestalk cells, while the remainder is formed by prespore cells. Anterior-like cells are found scattered throughout the prespore zone. The tip guides slug movement and further morphogenesis (8) .
To test the hypothesis that periodic signals and chemotaxis direct slug formation and migration, we investigated cell behavior and cell movement in slugs. Previously, we investigated the long-term behavior of fluorescently labeled single cells in the prespore zone of slugs. Those experiments showed that cells go through periodic velocity and shape changes, which indicated that the cells move in a chemotactic fashion (9) . Since only a few cells could be observed at the same time, it was not possible to deduce the spatial pattern of signal propagation unambiguously. We now can determine this pattern, since we have developed methods to track the movement of many prestalk and anterior-like cells in a slug simultaneously.
MATERIALS AND METHODS
Labeling of the Cells. All experiments were performed with axenic AX2 cells grown according to standard culture conditions (10 The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact.
corder. The time-lapse video films gave a good qualitative impression of cell movement. Cell tracking of neutral redstained cells was performed interactively by identifying the same cells in consecutive still images provided by the video recorder. The video images were digitized and vacuoles of the cells were marked with a screen cursor, using special application programs written by us. This was repeated for ire 10-50 images and the corresponding x,y coordinates were saved on a hard disc.
RESULTS AND DISCUSSION
Analysis of Global Cell Movement. We analyzed cell movement in time-lapse video films of slugs stained with neutral red. Neutral red stains lysosomal vesicles in prestalk cells The prestalk zone appears dark gray. Anterior-like cells are dispersed in the prespore zone, which appears light gray. Cell tracks represent 50 sec of cell movement with respect to the substratum; measurements were made every 5 sec. Cells in the prespore zone move in the direction of slug movement, and cells in the prestalk zone move at -45°angles to the direction of slug movement. In all slugs filmed (>60 in 20 different experiments) we observed cells rotating in the tip. The apparent opposite directions of cell motion in the prestalk zone are caused by the fact that the tip extends away from the substratum and that a plane of focus parallel to the substratum will cut the prestalk zone in a tilted fashion. This then shows cells moving in the upper and lower part of the prestalk zone. (B and D) Same tracks as in A and C, but corrected for slug speed. The velocity of slug movement was determined as the displacement of the tip between the beginning and the end of the measurement. From this value the displacement in pixels per 5 sec was calculated and subtracted from the x,y coordinates of each time point. After correction for slug movement, it becomes clear that cells in the prespore zone move at approximately slug speed. Cells in the prestalk zone move perpendicular to the direction of slug movement. (E) Rear part of the prespore zone of the slug shown in A and C. All cells move straight forward in the direction of slug migration. Cell movement was followed for 3 min. (F) Cells rotating around a central core in an isolated prestalk piece. Cell movement was followed for 10 min. (Bar = 50
Am.) and a subset of cells referred to as anterior-like cells in the prespore zone of a slug (6) . Fig. 1 A and C shows cell movement in two typical slugs. Anterior-like cells in the prespore zones of both slugs moved straight forward in the direction of slug movement. Fig. 1E shows the rear part ofthe slug shown in Fig. 1A . Cell tracks clearly indicate the forward movement of the anterior-like cells. Cells of the prestalk zone show a completely different movement pattern: they always move at an angle to the anterior-posterior axis of the slug. When cell tracks are corrected for slug speed (Fig. 1 B and D) , tracks of anterior-like cells are reduced to spots, which indicates that these cells move more or less at the same speed as the slug. In contrast, prestalk cells move perpendicular to the direction of slug movement-they rotate in the tip. If prestalk cells are isolated from the tip of a slug and placed on agar they start to rotate almost immediately. Fig. iF (11) . Alternatively, the signal might be a propagating wave of a chemotactic substance as is the case during aggregation. Our observation that the cell movement is periodic (see below) has led us to consider the latter possibility the most likely. During chemotaxis the direction of cell movement is opposite to the direction of signal propagation (1, 3) . Therefore the rotation implies the existence of a three-dimensional scroll wave as the chemotactic signal (see Fig. 4 ). The straight forward movement of anterior-like cells implies planar waves traveling anterior to posterior in the prespore zone. In >70% of cases (n > 60) prestalk cells moved perpendicular to the anterior-posterior axis after correction for slug speed. In some cases prestalk cells moved along the path of a twisted scroll wave (Fig. 1C) . In the remaining cases prestalk cells showed more complicated rotational movement patterns. We never observed that the cells in the tip moved straight forward in the direction of slug migration.
Cells in Slugs Move Periodically in a Chemotactic Fashion. We have shown previously that fluorescently labeled cells in the prespore zone of slugs clearly move periodically and simultaneously go through cycles of pseudopod extensioni.e., they extend pseudopods during the phase in which they move slowly (9) . This behavior is characteristic for chemotactically moving cells (12) . Anterior-like cells also move periodically (13) . We now show that anterior-like cells in the back of a slug move synchronously in a periodic fashion implying a planar wave front. Fig. 2A shows the coherent movement of four anterior-like cells in the back of a slug. They all move forward in a periodic fashion (Fig. 2B) and at slightly different speeds. Prestalk cells in the tip cannot be followed long enough to show periodic movement, since they move out of focus in <2 min. However, if cells are isolated from the tip they can be followed for a longer time, since they rotate around a central core in the plane of focus (Fig. 3A) . Their movement is also periodic (Fig. 3B) -~~~~~lnGI
Developmental Biology: Siegert and Weijer ular to the direction of slug migration and the tip is lifted from the substratum most ofthe time, it is difficult to envisage how they could contribute motive force to the migration of the slug. In our opinion the role ofthe prestalk zone is to organize the coherent movement of cells in the prespore region. Models for Slug Migration. Two different models have been proposed to explain slug migration. The fountain flow model postulates differential cell movement of cells in the middle and periphery of the slug (11). Our results indicate that all cells in the prespore zone move forward at similar speed, while cells in the tip rotate around the slug axis. The squeeze-pull model (16) postulates that the cells in the slug move forward by contraction of a ring of cells in the back of the slug and pulling of cells which are stationary to the substratum in the front of the slug. We never observed stationary cells in the anterior part of the slug as claimed by the squeeze-pull model.
Our results show that slug movement and morphogenesis can be simply explained by the same principles that govern aggregation-i.e., wave propagation and chemotaxis. The prespore region consists of individual cells all moving chemotactically in the same direction, coordinated by signals coming from the tip. The tip consists of an aggregation center stuck on the front end of a prespore zone. The cells get A E traction from an extracellular matrix secreted by all cells. This matrix forms a slime sheath that surrounds the slug and is stationary with respect to the substratum. It is left behind as a slime trail when the slug moves.
The rotation of a scroll wave around a central core gives a simple explanation for the formation of the stalk-tube. There are two classes of prestalk cells in the tip, which express two different extracellular matrix genes, ecmA and ecmB. Expression of ecmA is restricted to the front 10%6 ofthe slug, and ecmB is expressed in a central core that occupies 10-20%o of the length of the slug (7) . Each of the cell types requires a specific combination of morphogens: ecmA expression is stimulated by cAMP and differentiation-inducing factor (DIF-1); ecmB expression is stimulated by DIF-1 and inhibited by cAMP (17) . According to our model, cells in the center of the scroll wave should be adapted most of the time and produce little cAMP. This would lead to a low cAMP concentration in the core and a higher cAMP concentration in the periphery. The low cAMP concentration in the core will favor ecmB expression, while the higher cAMP concentration in the periphery will favor expression of ecmA (Fig.   4 ).
Scroll wave propagation is a general property of excitable media (18) . Two-dimensional propagating scroll and concentric waves as seen during aggregation of Dictyostelium are also found in chemical oscillators and have been well studied both experimentally and theoretically in the BelousovZabotinsky (BZ) reaction, an oscillating redox reaction (18) . Recently, three-dimensional scroll waves have been analyzed in the BZ reaction and shown to decompose to twisted scroll waves and then into planar waves when propagating into a medium of graded excitability (19) . Such a description A graded excitability is also probable in Dictyostelium slugs. Prestalk cells were shown to have higher intrinsic oscillation frequencies than prespore cells, since it is possible to separate aggregation stage cells into populations that will sort to the tip and those that will sort to the back ofthe slug. The cells sorting to the front have higher intrinsic oscillation frequencies than those sorting to the back (20) .
There are remarkable similarities between two-dimensional wave propagation in the BZ reaction and slime mold aggregation (9, (21) (22) (23) (24) . Complex modes of wave propagation have been observed in three-dimensional BZ reaction systems (25) . It will be exciting to see whether a similar variety of wave propagation modes exists during pattern formation in Dictyostelium-i.e., whether all morphogenetic movements are controlled by modulation of the oscillator and cell movement speed. In addition to their complicated morphogenetic movements, slugs show a series of behavioral responses such as photo-and thermotaxis. Both morphogenetic and photoor thermotactic movements require local differences in cell movement speed. The differences in cell movement can be caused by modulation of the signal leading to anisotropic wave propagation or by modulation of the chemotactic response. Substances such as ammonia that control slug migration, culmination, phototaxis, and thermotaxis (26, 27) act by modulating both cAMP relay (28) and cell movement speed (29) .
